Abstract-This letter presents a self-alignment system using a continuous and a proportional-to-position-error correction algorithm. The system is designed to address uninterrupted point-to-point high-speed line-of-sight optical wireless links. The alignment correction employs amplitude detection from a mm 2 -scale CMOS-compatible 4-PD array connected to a 4-channel receiver and followed by digital-processing and feedback toward the receiver lens position. The proposed self-alignment method is validated with a receiver position varying over about 5-cm range and a receiver angle covering around ±10 degree with roughly ×4 field-of-view widening due to the automatic alignment. A 50-Mb/s ON-OFF-keying transmission link is maintained across 4 meters distance using a 650-nm-red light-emitting-diode source with a bit-error-rate below the forward-error-correction limit of 3.8 × 10 −3 .
This makes the link alignment extremely sensitive to any displacements, shakings or mechanical disturbances occurring on any of the link elements that might eventually lead to transmission degradation or loss. Maintaining the transmission link requires an automatic alignment mechanism. The same mechanism has to guarantee the transmitter (Tx)/receiver (Rx) alignment whenever a light is applied to a receiver to establish a first connection.
Ubiquitous optical link requirements have been addressed through different techniques in the literature. Previous works employed multiple LEDs and/or PDs configurations with a space-division access to avoid the need for active light alignment at the cost of redundancy and limited efficiency [4] , [5] . Other works are based on high-resolution camera recognition with complex processing algorithms [6] . Al-Rubaiai and Tan [7] and Rust and Asada [8] used a rotating-base holding a 3-PD combination with a weighted average to infer the Tx direction only in a plane. In [9] , the case of a single PD receiver with a planar scanning technique along with the use of an Extended-Kalman-Filter (EKF) algorithm for optimum intensity prediction has been proven but only for a low angular disturbance rate (<2 degrees/second). Efe et al. [10] utilized a 4-quadrant PD with 1 cm × 1 cm size, while [11] used a similar approach with a Kalman filter. In both works, only simulation results are provided.
The proposed auto-alignment system in this letter assumes a quasi-stable position of the source as well as a pointed light-beam towards the receiver. This is a valid assumption in most of machine-to-machine and user-to-machine P2P communication use-cases. The self-alignment (SA) is only performed on the receiver side to guarantee an uninterrupted light reception by the photodetectors (PD) and a maintained wireless optical data transmission. The alignment mechanism is based on 4-channels amplitude detection and employs a feedback loop with a mechanical correction apparatus applied to the receiver lens. Compared to previous works, this letter considers small area receivers formed of sub-mm 2 quadrant-PDs to provide high speed data transmission links. The PDs size reduction is motivated by the evolution of VLC and optical wireless communication systems towards fully integrated or system-on-chip (SoC) receiver solutions to meet the miniaturization, high performance and low-cost objectives. A modified control algorithm is proposed to take into account the variable received intensity by the PDs in a misalignment scenario versus a constant intensity case in the previous works. Also, a continuous and a proportional to PD positionerror correction algorithm is used to overcome the limitations 1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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By controlling the speed of the mechanical position correctors, the control loop can be assimilated to a proportionalintegral (PI) feedback loop with higher stability behavior.
A proof-of-concept implementation using the proposed self-alignment method shows a sustained 50 Mb/s On-OffKeying (OOK) link across 4 meters distance. The optical link is maintained over a receiver displacement range of more than 5 cm and with a varied incidence angle within ±10 degrees.
II. SELF-ALIGNMENT SYSTEM DESCRIPTION
The modulated light from the source is focused onto a 4-PD array through a converging lens held by (X, Y, Z) movers, as shown in Fig. 1a . Each PD is connected to a separate receiver on a printed-circuit-board (PCB). The 4 receiver outputs S(i ) are individually applied to a fast-tracking rectifier circuit to quasi-linearly follow the respective outputs amplitude variation. If the light spot moves away from a PD, the corresponding rectifier output DC(i ) would decrease. The 4-way rectifier signals are conveyed to a microcontroller (Arduino) to allow continuous tracking of the light coverage over the 4 PDs and correct for any signal decrease by reacting on the X and Y position of the lens. No action is taken on the focal-distance (Z-axis) as it is assumed to be fixed. In order to guarantee continued data transmission in a misalignment scenario, if the microcontroller detects a signal decrease from a given PD, it can directly switch the multiplexer input to the diagonally opposite PD's signal (Fig. 1a) .
In [10] and [11] , a color-filter usage is proposed to filter out any signal from an unwanted source capable of disturbing the alignment correction process. However, this filter may not take into consideration the case where the unwanted and the wanted sources both have the same color. Also, the use of a large 1-cm 2 PD as in [10] and [11] would favor the reception of signals from adjacent sources on the same PD through the receiver lens (see Fig. 1b ). In this work, each receiver channel is AC-coupled to eliminate the effect of any neighboring DC light noise. Thus, the receiver becomes only sensitive to the received modulated signal. An assigned code or key to the TxRx couple could be potentially used to achieve unique sourcerecognition by the receiver. Furthermore, the use of a reduced PD size would diminish the chances of collecting image spots caused by adjacent parasitic sources (Fig. 1b) .
Reducing the PD size is also a requirement for highspeed optical communication links. Below 1-mm 2 [2] to 100-μm 2 [3] PD's area are necessary to provide tens of Mb/s to Gb/s-range data-rates, provided that appropriate equalization is used. With a reduced PD-array size, the light focus might not still be contained (or centered) within the PD-array, as suggested in [10] and [11] and depicted in Fig. 1c . The light focus can hardly be made smaller than 1-mm 2 area due to the LD or LED source profiles as well as the lenses' optical aberrations [3] . In this case, the light would tend to cover entirely the PD-array area (Fig. 1d) . As a result, this modifies the "Ecartometry" proposed in [10] and [11] , with the error vectors expressed as
Where,
According to (3), the factor E T remains constant in the case of a light focus always contained within the large 4-quadrant PD (case of Fig. 1c ). This might not still be true with a small PD and a larger spot area (Fig. 1d) . Thus, a modified algorithm is proposed here to overcome this issue.
The other important point where an improved approach is proposed in this work is the discrete alignment control described in [10] : Once an error signal is detected, the servo is commanded to move in one direction and in a predetermined fixed number of steps, namely one step, regardless of the amplitudes of the error signals (E x , E y ). This approach might present some risk since it does not take into account any new misalignment while an on-going correction is being done. In an extreme case, an unconsidered misalignment might simply drive the system into an uncorrectable situation.
The proposed approach is based on a continuous and proportional control to the PD position error signals. Instead of controlling the direction of the servo-motors, the proposed algorithm controls their rotation speed (and indirectly the direction through a sign) as a function of the magnitude of the position error signals. The correction is fast if the error magnitude is high but would decrease and tend to zero as the error magnitude diminishes and tends to zero (or below a given tolerance or threshold level). This defines the alignment condition and guarantees a continuous control in addition to a stable loop behavior. By acting on the speed of the mechanical position correctors, the control loop can be regarded as a proportional-integral (PI) feedback loop with higher stability. If V x and V y (Fig. 1a) designate the X-and Y-servo velocities, respectively, the applied equations can be expressed as
Where G x and G y are the gain coefficients for the X-and Y-servo loops, respectively. These coefficients are critical for the loop dynamics, settling-up time and stability. In our case, they have been determined experimentally to get optimal loop responses while performing manual link misalignments testing (G x = G y = 0.024 mm/s/mV). These values are approximately equal to the maximum lens velocity divided by the maximum expected error voltage. The applied algorithm flowchart is given in Fig. 2 . A threshold voltage (TH) is introduced to activate the control loop as soon the relative signal loss from any PD reaches that level. Throughout the experiment, a threshold level of 5 mV was used. The differential signals DC(i ) comparison reduces the system sensitivity to either the common-mode noise or to the transmitter power variation.
III. TEST SETUP A red 650-nm LED source (IF-E99B from Industrial Fiber Optics) with 30-MHz 3-dB cut-off frequency is used. The LED is current-driven with a PHEMT transistor along with a passive LCR-network equalization. The output light is steered towards the Rx with a Thorlabs aspheric lens ACL5040U-A (5 cm diameter and 4 cm focal length).
The used custom CMOS PN PD-array is shown in Fig. 3a . Only the central 2×2 array is wirebonded to 4 Rx channels as depicted in Fig. 3b . Each PD has 1-mm 2 size with 100 μm inter-PD spacing. The PD presents 0.37 A/W responsivity at 700-nm wavelength and a 3-dB bandwidth around 20-MHz. The Rx schematic is given in Fig. 3c . A dual-stage LCRnetwork equalization allows to extend the Rx bandwidth to 60-MHz [2] . An ACL7560U-A lens (7.5 cm diameter and 6 cm focal length) is used on the Rx side. The reader can refer to [2] for further details on the Rx and Tx implementations.
An AC input with a common DC voltage-bias (set at 0.3 V) and a fast-switching Infineon BAS70 Schottky diode are employed to implement each of the 4 rectifiers (Fig. 4a) . Both the input high-pass CR filter and the output low-pass RC filter have a time-constant of 10 μs to allow quasi-linear and fast tracking of the receiver output amplitude with respect to the targeted transmission bit-rate (>10 Mb/s). Figure 4b depicts a simulated rectified output response to a 20-MHz amplitudemodulated (AM) input signal using Keysight ADS tool.
IV. MEASUREMENT RESULTS
The SA validation setup over 4-m link distance is shown in Fig. 5a along with the light focus over the PD-array in Fig. 5b , the rectifier, the Arduino and the servos in Fig. 5c . In Fig. 5d , recorded settling-up curves of the 4 rectifiers' outputs DC(i) are shown where initially only PD1 was exposed to light. The alignment is reached after slightly more than a second from the instant of activating the correction program. This delay is mainly due to the servos reaction and the mechanical movers. The SA as well as the maintained optical link was tested at 50 Mb/s OOK 2 23 − 1 PRBS signal (Agilent 33522A AWG maximum data-rate). The used link (Tx + Rx) was previously proven to support up to 150 Mb/s OOK VLC link [2] . A successful re-alignment and maintained transmission were tested over 5 to 6 cm of lateral Rx displacement range. The major SA improvement was found on the Rx incidence angle (α) (Fig. 6) . The SA maintains a bit-error-rate (BER) below the forward-error-correction (FEC) limit of 3.8×10 −3 [2] over ±10 degrees versus less than ±2.5 degrees when the SA is OFF (with the multiplexer use (Fig. 2a) , at least one active PD would be sufficient to preserve the transmission). This angle improvement is independent of the Tx distance from the Rx.
V. CONCLUSION
A self-alignment system based on a continuous and proportional-to-position-error control algorithm is proposed. The correction method uses amplitude detection from a 4-PD array. The proposed system addresses techniques to maintain P2P high-speed meter-scale optical wireless links in a mechanically disturbed environment. The presented approach enables future cooperative tracking integrated micro-systems.
